proposed to manufacture plasmonic nanogratings. Here, low-cost self-assembly elastomeric polydimethylsiloxane wavy structures are used as the interference modules, with their periods and amplitudes largely controlled by the applied mechanical strain in the synthesis process. Well-defined plasmonic grating couplers with desired feature sizes and wavelengths of operation were obtained. This NPL may enable large-area and flash manufacturing of plasmonic nanogratings with tunable array periods.
I. INTRODUCTION

I
N THE past few years, tremendous attention has been given to nanolithography, due to the increasing demands for scaling of electronic [1] , photonic [2] , and biological devices [3] . Among various lithography techniques, nanoimprint lithography (NIL) is arguably the most popular technique, which has been recognized as a high-throughput, lowcost, and flash lithographic technique. More interestingly, the soft NIL, enabling the sub-micron pattern size [4] , has begun to attract attentions in the past decade. In opposite to the typical NIL with the rigid mold (i.e. silicon or silicon dioxide), the soft-NIL mold is made of the elastic poly (dimethylsiloxane) (PDMS) substrate, for which the nano-scale patterns could be formed by imprinting a reverse image onto the PDMS substrate using a UV-curable, low-viscosity prepolymer film. The most important advantage of soft-NIL is that patterns can be perfectly duplicated on flat or curved substrates without imposing any external pressure that could damage the substrate. NIL and/or soft-NIL have demonstrated their huge potential for massively manufacturing nano-electronic and nano-photonic devices, with the satisfactory sub-micron feature size. However, for both NIL and soft-NIL it is rather complicated to replicate nano-sized patterns. For instance, when developing the master mold [5] , the pattern transfer usually requires reactive ion etching (RIE) and lift-off. In this letter, we propose "nanoprojection lithography" to fabricate significantly scalable nanostrips using an interference module (IFM) that is selfassembled at the surface of PDMS substrate. NPL would provide invincible advantages regarding its low cost and rapid processing in manufacturing large-area nanogratings. Here we would apply NPL to manufacture the plasmonic nanograting coupler, emerging as a viable device to efficiently convert photon energy from source (i.e. laser or quantum dots) to photonic integrated systems.
II. EXPERIMENTS AND RESULTS
In this work, PDMS substrate was mixed with Sylgard 184A and underwent a curing agent in a weight ratio of 5:1, such that solid PDMS substrate was formed with thickness of 2 mm. The PDMS substrates were cut into 15 mm × 30 mm in size. Then Ag ultra-thin film (i.e. here 7, 6, 5, and 4 nm) was sputtered on the pre-stretched PDMS substrates. After releasing external stress as shown in Fig. 1(a) , a one-dimensional (1-D) wavy structure is formed on the PDMS surface, with nano-dimensional periods that are tunable and scalable with respect to the Ag thickness [6] . These wavy structures are uniform and can be ideally used as interference modules for 1041-1135/$31.00 © 2012 IEEE UV light post-exposure of photoresist (PR) pre-deposited on the silicon substrate in the soft contact process of NPL as shown in Fig. 1(b) . As a result, a 15 mm × 20 mm photoresist pattern, designed to fabricate nanogratings, can be fabricated on top of the silicon substrate as shown in Fig. 1(c) . Then the nanogratings with different periods can be fabricated by evaporating a 100 nm thick Ag film, followed by the lift-off the photoresist using acetone as shown in Figs. 1(d) and 1(e). The periods and geometrical variations of PDMS interference modules were measured by the atomic force microscope (AFM).The scanning electron microscope (SEM) was used to observe the top view of the sample surface. UV-1650 PC system was used to measure reflection spectra.
Soft-NIL, usually refers to a flexible mold composed of a UV-cured rigid polymer, used as the template for pattering the PDMS support and transfering reverse nano-scale feature structure, with a conformal contact process. By analogy, in the nanoprojection lithography, a patterned PDMS module is used to generate the associated periodic patterns at the photoresist surface. However, here we should distinguish the essential difference between the soft-NIL and NPL. For the NPL, patterns on the photoresist are produced by the optical path difference in the air gap between the PDMS and the photoresist (which can be considered as a nanodimentional Fabry-Perot interferometer); this is unlike the conventional nano-imprinting, of which a normal mechanical force is applied to achieve the shape deformation at the photoresist surface. The transmission of UV light at the surface of negative photoresist, associated with the amount of exposure dosage, sensibly depends on the air gap, which determines the formation of constructive/destructive interference and the impedance matching at the interface. A simple theoretical analysis based on the transmission line model is put forward in the supplementary material to illustrate the physics of NPL. Here a rigorous full-wave simulation based on the finiteintegration method is performed, with the realistic geometries obtained from AFM images. Figs. 2(a) and 2(b) show the simulation results for the pseudo-light projection with the PDMS-mold period of 650 nm and 950 nm, respectively. It is evident from Fig. 2 that multiple destructive and constructive interference patterns are projected onto the photoresist. The dramatic contrast of light intensity, associated with the amount of exposure dosage, is shown in the photoresist layer. As a result, the periodic nanostrips can be achieved by using a proper exposure dosage. Comparing NPL with soft-NIL, our technique significantly eases the complexity in patterning the photoresist and requires no O 2 RIE process, which is used to break through residual photoresist on the substrate in soft-NIL. The NPL therefore allows a cheap and flash fabrication of high-density, periodic structures over a large area on chip.
The resultant PDMS-IMF with a tunable period could be used to fabricate plasmonic nanogratings with different periods. According to the mechanical strain calculation in [7] , the period ( ) of wavy structure on the PDMS-IMF is determined by both the thickness of Ag ultrathin-film and the ratio of Young's modulus between PDMS and Ag, and can be described as
Here the subscripts m and p refer to the Ag ultrathin-film and PDMS, respectively, E (in unit of Pa) is the Young's modulus, and υ is the dimensionless Poisson's ratio, t (in unit of nm) is the thickness of silver film. Eq. (1) is valid for a single, stiff thin film on a homogeneous, compliant, thick substrate, like the scenario described in Fig. 1(a)-(c) . The material parameters for silver and PDMS [8] are: E m = 83 GPa, E p = 0.868 MPa, υ m = 0.37, υ p = 0.5. From Eq. (1), the period of the wavy structure is estimated to be = 761.0 nm for a 4 nm thick Ag ultrathin-film, which slightly deviates from the measured value from SEM image (∼650 nm). This is due to the heat generation during the Ag deposition, which more or less modifies the surface of PDMS substrate. Therefore, a larger stiffness (or larger Young's modulus) on the top surface of PDMS should be taken into consideration in Eq. (1), and the period in our experiments could be smaller than that predicted by theoretical calculation, as summarized in Table I . Fig. 3 shows the dependence of the measured amplitude and period of the PDMS mold on the thickness of Ag ultrathin-film. The inset of Fig. 3 shows the AFM images of Ag/PDMS wavy structures on the PDMS, with a 4 nm thick pre-deposited Ag ultrathin-film. It is evident that the period of PDMS mold decreases linearly with decreasing Ag thickness, as predicted by Eq. (1). It should be noted that this NPL technique may show great design flexibility and tunability on the periods of the Ag nanogratings by simply varying the Ag thickness in the self-assembly process.
The reflection spectra of the fabricated plasmonic nanogratings were measured by UV-1650 PC system. Here the focus is on the coupling of the impinging light with an incident angle θ = 5°onto the surface plasmon (SP) modes using the plasmonic nanogratings in Fig. 4 . The SP mode can be excited provided that the conservation of momentum is satisfied, namely the SP momentum matches the momentum of incident photon and the grating momentum as k S P = k x +mG x , where k x = k 0 sin θ , |G x | = 2π/a is the reciprocal lattice wave vector, a is the grating period and m is integer, k S P is the surface wave vector: |k S P | = ω/c ε 0 ε Ag ε 0 + ε Ag , with the relative permittivity of the free space ε 0 and the silver ε Ag [9] , and ω is the angular frequency.
Figures 4(a)-(d) report the reflectivity spectra for nanograting designs with periods a = 650, 750, 850 and 950 nm, respectively. The inset of Fig. 4 shows the corresponding SEM images of Ag nanogratings; here Ag nanogratings have the same width of 340 nm. It is visible from Fig. 4 that distinct reflection dips are consistent with the first SP modes predicted by theory [10] . For instance, at a = 650 nm, the dips centered at λ = 707.49 nm is associated with the first SP mode of the Ag-air interface. For grating period a = 950nm, a reflection dip is observed at λ = 978.49 nm, consistent with the theoretical prediction. As expected, blue shifts are obtained when grating period is reduced. The approximate SP mode calculation, ignores the morphology of grating and the waveguide effect due to the finite grating height, and surface roughness in the film, which could affect the Drude dispersion of metal. However, a good agreement between the theoretical and experimental results is obtained. To excite SPs at higher frequencies, while without aggressively scaling the grating period, one should increase the angle of incidence to more efficiently couple the incident photons to the propagating SP mode. It is worth mentioning that in addition to applications in coupling and filtering by 1-D plasmon band structures, when this plasmonic nanograting is integrated with an appropriate dye, it may dramatically enhance the efficiency of vertical emitting plasmonic bandgap laser. Finally, we note that the extension to two-dimensional (2-D) periodic structures could be straightforwardly applied by a "double-postexposure" process, in which the PDMS interference module is rotated by 90°after the first post-exposure. 2-D arrays of inductive grids (capacitive patches) might be fabricated by the double-post-exposure NPL with a suitable negative (positive) photoresistor.
III. CONCLUSION
The nanoprojection lithography with low-cost, selfassembled PDMS interference module for flashing manufacture of large-area nanostrip structures, with well-defined and controllable periods was proposed. The coupling of light on the air-nanostrip interface has been measured, with reflection dips consistent with theoretically predicted SP modes. This nanolithography technique may pave a viable way to manufacture large-area plasmonic devices, with a wide range of near-infrared and optical applications including light couplers, filters, and interconnections, as well as sensing and energy harvest devices.
